INTRODUCTION {#s1}
============

MicroRNA-184 (miR-184) plays a dual role in human cancers. For example, miR-184 inhibits cell growth and invasion capability in glioma and neuroblastoma cells \[[@R1], [@R2]\]. However, miR-184 plays an oncogenic role in tongue squamous cell carcinoma \[[@R3]\]. MiR-184 directly targets c-Myc to suppress cell growth in non-small cell lung cancer (NSCLC) \[[@R4]\]. We recently reported that a decrease in miR-184 by miR-21 promotes tumor malignancy and poor outcomes in non-small cell lung cancer (NSCLC) via targeting CDC25A and c-Myc \[[@R5]\]. Therefore, miR-184 might play a tumor suppressor role in NSCLC.

Our previous studies indicated that human papillomavirus (HPV) 16/18 may be associated with the development of NSCLC in Taiwan and promotes tumor malignancy via increasing human telomerase reverse transcriptase, FoxM1, IL-10 expressions, and inactivation of p53 and TIMP-3 by E6 oncoprotein \[[@R6]--[@R10]\]. However, the involvement of HPV in lung tumorigenesis is still controversial. This conflicting could be due to the geographic variation \[[@R10]--[@R15]\]. To elucidate which miRs could be linked with HPV-associated lung tumorigenesis, miR microarray analysis showed that miR-184 expression levels increased \~14-fold in E6-knockdown TL-1 cells when compared with TL-1 cells transfected with non-specific small hairpin RNA (NC). Bcl-2 plays a central role in resistance to apoptosis \[[@R16]--[@R18]\], and its expression can be down-regulated by miR-184 \[[@R19]\]. A previous study indicated that miR-184 levels in H1299 cells can be elevated by ectopic wild-type p53 expression \[[@R20]\]. We therefore hypothesized that a decrease in miR-184 expression due to p53 degradation by E6 oncoprotein may confer cisplatin resistance in NSCLC via increasing Bcl-2 expression.

RESULTS {#s2}
=======

A decrease in miR-184 expression by E6 oncoprotein confers cisplatin resistance {#s2_1}
-------------------------------------------------------------------------------

HPV16-positive TL-1 and --negative TL-10 cells were enrolled to examine whether miR-184 expression in lung cancer could be up-regulated by E6 oncoprotein. HPV16-positive SiHa and --negative C33A cervical cancer cells were used as positive and negative controls. Real-time PCR analysis indicated that miR-184 expression levels were significantly lower in HPV-positive TL-1 and SiHa cells than in HPV-negative TL-10 and C33A cells (Figure [1A](#F1){ref-type="fig"} left panel). The MTT assay showed that the inhibition concentration of cisplatin for yielding 50% viability (IC50) was significantly higher in TL-1 cells than in TL-10 cells (21.6 vs. 10.6). A similar finding in the IC50 value for cisplatin was observed in SiHa versus C33A cells (23.5 vs. 6.2; Figure [1A](#F1){ref-type="fig"} right panel).

![A decrease in MiR-184 level by E6 oncoprotein confers cisplatin resistance\
(**A**) Expression levels of miR-184 were evaluated by real-time PCR in four cancer cell lines. The cell viability was determined by the MTT assay after the Cells were treated with or without cisplatin (0, 2, 4, 8, 16, 32 μM) treatment for 48 h for calculation of the IC50 value. (**B**) shE6 plasmids were transfected into E6-positive cell lines (TL-1 and SiHa) compared with both cell types transfected with a non-specific shRNA (NC), E6 expression vector were transfected into E6 negative (TL-10 and C33A) cell lines compared with both cell types transfected with an empty vector (VC). After 24 h, the indicated cells were incubated with or without cisplatin (0, 2, 4, 8, 16, 32 μM) for 48 h and then the change of IC50 value by E6 manipulation was determined by the MTT assay. The cell lysates were separated by SDS-PAGE for the evaluation of E6 expression by specific antibodies using western blotting. The miR-184 level was determined by real-time PCR. (**C**) TL-1 and SiHa cells were treated with shE6 shRNA (5 μg) and/or miR-184 mimic (m, 40 nM). TL-10 and C33A cells were treated with E6 expression vector (5 μg) and/or miR-184 inhibitor (i, 40 nM). After 24 h, the indicated cells were incubated with or without cisplatin (0, 2, 4, 8, 16, 32 μM) for 48 h and the change of IC50 value by E6 manipulation and/or miR mimic or inhibitor was determined by the MTT assay.](oncotarget-07-32362-g001){#F1}

We next examined whether E6 could reduce miR- 184 expression and, in turn, confer cisplatin resistance in E6-positive cells. E6 manipulation by transfecting its shRNA and expression vector was conducted in TL-1, SiHa, TL-10 and C33A cells. Western blotting indicated that E6 expression decreased in E6-knockdown TL-1 and SiHa cells, but increased in E6-overexpressing TL-10 and C33A cells (Figure [1B](#F1){ref-type="fig"} upper panel). Concomitantly, miR- 184 expression levels increased in E6-knockdown TL-1 and SiHa cells, but decreased in E6-overexpressing TL-10 and C33A cells (Figure [1B](#F1){ref-type="fig"} middle panel). The IC50 value for cisplatin was dependent on miR-184 expression levels in these four cell types subjected to E6 manipulation (Figure [1B](#F1){ref-type="fig"} bottom panel). We further used miR-184 inhibitor or mimic to verify whether a decrease in miR- 184 expression by E6 could be responsible for cisplatin resistance. Real- time PCR analysis indicated that miR- 184 expression level was increased by E6-knockdown, but the increase of miR-184 expression by E6-knockdown was restored by transfecting miR-184 inhibitor in TL-1 cells (Figure [1C](#F1){ref-type="fig"} left upper panel). Conversely, miR-184 expression was decreased by E6 overexpression, but the decrease of miR-184 by E6 overexpression was reversed by transfecting miR-184 mimic in TL-10 cells (Figure [1C](#F1){ref-type="fig"} left upper panel). The IC50 value was decreased and increased concomitantly by E6 manipulation in both cell types, and the change of the IC50 value by E6 manipulation can be reversed by miR-184 inhibitor or mimic transfections (Figure [1C](#F1){ref-type="fig"} lower panel). The change in the IC50value by miR-184 inhibitor and mimic was relatively correspondent with the effects of E6 manipulation on the IC50 value in both cell types. These results clearly indicated that a decrease in miR-184 expression by E6 may be responsible for cisplatin resistance in NSCLC cells.

MiR-184 transcription is down-regulated by E6 via decreased p53 binding to the miR-184 promoter due to p53 degradation by E6 {#s2_2}
----------------------------------------------------------------------------------------------------------------------------

We examined the possibility that a decrease in miR-184 expression by E6 could be through deregulating miR-184 transcription due to p53 degradation by E6. This hypothesis was raised by a software analysis (<http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3>), and indicated that four p53 putative binding sites were existed on the miR-184 promoter (Figure [2A](#F2){ref-type="fig"}). The four cell types (TL-1, TL-10, SiHa, and C33A) were enrolled to transfect with shE6 or E6 expression vector. Western blotting indicated that p53 expression increased in E6-knockdown TL-1 and SiHa cells, but decreased in E6-overexpressing TL-10 and C33A cells (Figure [2B](#F2){ref-type="fig"} upper panel). Luciferase reporter assay indicated that the miR-184 promoter activity (−839/+1) was dose-dependently increased by E6 knockdown in TL-1 and SiHa cells, but decreased by E6 overexpression in TL-10 and C33A cells (Figure [2B](#F2){ref-type="fig"} lower panel). Chromatin immunoprecipitation (ChIP) assay confirmed that the binding activity of p53 onto its putative binding site of the miR-184 promoter increased in E6-knockdown TL-1 and SiHa cells, but decreased in E6-overexpressing TL-10 and C33A cells in a dose-dependent manner (Figure [2B](#F2){ref-type="fig"} middle panel).

![The miR-184 promoter activity is directly regulated by wild-type p53\
(**A**) Diagram summarizing the positions of the p53 putative binding sites on the miR-184 promoter constructs predicted by a software analysis. (**B**) shE6 plasmids were transfected into E6-positive TL-1 and SiHa cells compared with those transfecting a non-specific shRNA (NC). On the other hand, E6 expression vector were transfected into E6-negative TL-10 and C33A cells compared with those transfecting an empty expression vector (VC). The cell lysates were separated by SDS-PAGE for the evaluation of E6 expression by a specific antibody using western blotting. A ChIP assay was performed to evaluate the binding ability of p53 onto the miR-184 promoter. The products were amplified by PCR. Luciferase reporter assay was performed to evaluate the miR-184 promoter activity in both cell types by transfecting the miR-184 promoter (−839/+1). (**C**) shE6 plasmids were transfected into E6-positive TL-1 and SiHa cells compared with their NC cells. On other hand, the shp53 were transfected into E6-negative TL-10 and C33A cells compared with their VC cells. The cell lysates were separated by SDS-PAGE for the evaluation of protein expression by specific antibodies using western blotting. A ChIP assay was performed to evaluate the binding ability of p53 onto the miR-184 promoter. The products were amplified by PCR. Luciferase reporter assay was performed to evaluate the miR-184 promoter activity in both cell types by transfecting the miR-184 promoter (−839/+1). (**D**) The miR-184 promoter (−839/+1) containing wild-type- or mutant p53-binding sites were transfected into TL-10 and C33A cells and then co-transfected with wild-type p53 (5 μg), E6 expression vectors (5 μg), shp53 (5 μg) and/or shE6 shRNA (5 μg). Luciferase reporter assay was performed to evaluate the reporter activity of miR-184 promoter (−839/+1). The miR-184 level was determined by real-time PCR.](oncotarget-07-32362-g002){#F2}

We next examined whether p53 could directly regulate miR-184 expression, the four cell types were transfected with p53 expression vector or shp53. Western blotting indicated that p53 expression increased in p53-overexpressing TL-1 and SiHa cells, but decreased in p53-knockdown TL-10 and C33A cells (Figure [2C](#F2){ref-type="fig"} upper panel). Luciferase reporter assay indicated that the miR-184 promoter activity (−839/+1) was significantly increased by p53 overexpression in TL-1 and SiHa cells, but decreased by p53 knockdown in TL-10 and C33A cells (Figure [2C](#F2){ref-type="fig"} lower panel). ChIP assay confirmed that the binding activity of p53 onto its putative binding site of the miR-184 promoter was markedly increased by p53 expression vector transfection in TL-1 and SiHa cells, but decreased by p53 knockdown in TL-10 and C33A cells (Figure [2C](#F2){ref-type="fig"} middle panel).

We further constructed a miR-184 promoter harboring a p53 mutated binding site near the transcription start site by site-directed mutagenesis (Figure [2D](#F2){ref-type="fig"}). Luciferase reporter assay indicated that the miR-184 promoter activity and miR-184 expression levels in TL-1 cells with the wild-type miR-184 promoter transfection were markedly elevated by co-transfecting shE6 or p53 expression vector, but the increase of miR-184 promoter activity and miR-184 expression levels by both treatments were restored by transfecting the mutant miR-184 promoter (Figure [2D](#F2){ref-type="fig"}). On the other hand, the miR-184 promoter activity and miR-184 expression levels were significantly decreased by transfecting the mutant miR-184 promoter compared with transfecting the wild-type miR-184 in TL-10 cells, but the miR-184 promoter activity and miR-184 expression levels were rescued by E6 or shp53 transfection in TL-10 cells with the wild-type or the mutant miR-184 promoter transfection (Figure [2D](#F2){ref-type="fig"}).

The four cell types were further enrolled to transfect with p53 expression vector, shp53, and/or shE6. Western blotting indicated that p53 expression level was increased by p53 overexpression, but decreased by E6 knockdown in TL-1 cells. The change of the p53 level by p53 overexpression or E6 silencing can be rescued by shE6 + shp53 transfection in TL-1 cells when compared with NC cells (Figure [3A](#F3){ref-type="fig"} left panel). Luciferase reporter assay indicated that the miR- 184 promoter activity (−839/+1) was increased by p53 overexpression, but decreased by E6 knockdown in TL-1 cells. The change of the miR-184 promoter activity by p53 overexpression or E6 silencing can be rescued by shE6 + shp53 transfection in TL-1 cells (Figure [3A](#F3){ref-type="fig"} left panel). The change of the miR-184 promoter activity was consistent with miR-184 expression in TL-1 cells subjected to the same treatments (Figure [3A](#F3){ref-type="fig"} left panel). ChIP assay further indicated that p53 bound to its putative binding site of the miR-184 promoter in TL-1 cells transfecting p53 expression vector or shE6. However, the p53 binding to the miR-184 promoter in TL-1 cells was disappeared by shE6 + shp53 transfection (Figure [3A](#F3){ref-type="fig"} left bottom panel). Similar findings in the miR-184 promoter activity, miR-184 expression, and the binding activity of p53 onto the miR-184 promoter were revealed in SiHa cells subjected to the same treatments (Figure [3A](#F3){ref-type="fig"} right panel). On the other hand, HPV-negative TL-10 and C33A cells were transfected with shp53, p53, and/or E6 expression vector to verify whether miR-184 expression was down-regulated by E6 via decreased p53 binding to the miR-184 promoter. The miR-184 promoter, miR-184 expression, and the binding activity of p53 onto the miR-184 promoter were decreased by E6 overexpression (Figure [3B](#F3){ref-type="fig"}). We therefore suggest that miR-184 is directly up-regulated by wild-type p53 at transcription level.

![MiR-184 expression is down-regulated by E6 oncoprotein at transcription level via decreased the binding activity of p53 onto the miR-184 promoter due to p53 degradation by E6\
(**A**) TL-1 and SiHa cells were treated with miR- 184 promoter reporter plasmid (−839/+1), wild-type p53 expression vector (5 μg), shp53 (5 μg), and/or shE6 shRNA (5 μg). (**B**) TL-10 and C33A were treated with the miR-184 promoter reporter plasmid (−839/+1), shp53 shRNA (5 μg), wild-type p53 (5 μg), and/or E6 expression vectors (5 μg). The cell lysates were separated by SDS-PAGE for the evaluation of protein expression by specific antibodies using western blotting. A ChIP assay was performed to evaluate the binding ability of p53 onto the miR-184 promoter. The products were amplified by PCR. Luciferase reporter assay was performed to evaluate the reporter activity of miR-184 promoter (−839/+1). The miR-184 level was determined by real-time PCR.](oncotarget-07-32362-g003){#F3}

Next, we transfected the wild-type or different mutant p53 expression vectors into p53-null H1299 and H358 cells to examine whether miR-184 expression could be dependent on p53 mutation status. The miR-184 promoter activity (−839/+1) and miR-184 expression levels were markedly increased by the wild-type p53 expression vector, but unchanged by the mutant p53 expression vector transfections in both cell types when compared with their VC cells (Figure [4](#F4){ref-type="fig"}). In addition, the miR-184 promoter activity and its expression levels were not influenced by three different p53 mutant transfections (H179Y, L194R, and R249S) when compared with their VC cells. These results clearly indicated that miR-184 expression is down-regulated by E6 at transcription level via decreased p53 binding to the miR-184 promoter due to p53 degradation by E6.

![The miR-184 promoter activity is dependent on p53 status\
A wild-type p53 or different mutant p53 expression vectors (5 μg) and the miR-184 promoter reporter plasmid were transfected into H1299 and H358 cells and the then cells lysates were separated by SDS-PAGE for the evaluating p53 expression by western blotting using a specific antibody. Luciferase reporter assay was performed to evaluate the reporter activity of miR-184 promoter (−839/+1). The miR-184 level was determined by real-time PCR.](oncotarget-07-32362-g004){#F4}

A decrease in miR-184 expression by E6 may confer cisplatin resistance via increasing Bcl-2 expression {#s2_3}
------------------------------------------------------------------------------------------------------

MiR-184 suppresses cell growth and survival in nasopharyngeal cancer via targeting Bcl-2 \[[@R19]\]. We therefore examined the possibility that a decrease in miR-184 by E6 may confer cisplatin resistance due to de- targeting Bcl-2. The MTT assay indicated that the IC50 value was markedly decreased by p53 overexpression or E6 knockdown, but the decrease of the IC50 value by p53 overexpression or E6 knockdown can be reversed by shE6 + shp53 transfection in TL-1 cells (Figure [5A](#F5){ref-type="fig"} left upper panel). Western blotting indicated that Bcl-2 expression was concomitantly decreased by p53 overexpression or E6 knockdown in TL-1 cells, but the decrease of Bcl-2 expression by both treatments can be rescued by shE6 + shp53 transfection in TL-1 cells compared with NC cells (Figure [5A](#F5){ref-type="fig"} left lower panel). Similar findings in Bcl-2 were observed in SiHa cells subjected to the same treatments (Figure [5A](#F5){ref-type="fig"} right panel). On the other hand, TL- 10 and C33A cells were transfected with shp53, p53, and/or E6 expression vector. The IC50 value was increased by shp53 or E6 transfection, but the increase of the IC50 value by both treatments was reversed by E6 + p53 transfection in TL-10 and C33A cells (Figure [5B](#F5){ref-type="fig"} upper panel). Similarly, Bcl-2 expression was concomitantly increased by shp53 or E6 transfection, but the increase of Bcl-2 expression by both treatments was rescued by E6 + p53 transfection in both cell types (Figure [5B](#F5){ref-type="fig"} lower panel).

![A decrease in miR-184 expression by E6 confers cisplatin resistance via increasing Bcl-2 expression\
(**A**) TL-1 and SiHa cells were treated with wild-type p53 expression vector (5 μg), shp53 (5 μg), and/or shE6 shRNA (5 μg). (**B**) TL-10 and C33A were treated with shp53 shRNA (5 μg), wild-type p53 (5 μg), and/or E6 expression vectors (5 μg). After 24 h, the indicated cells were treated with or without cisplatin (0, 2, 4, 8, 16, 32 μM) for 48 h and then the MTT assay was used to determine the IC50 value for cisplatin. (**C**) TL-1 and SiHa cells were treated with miR-184 mimic (m, 40 nM) and/or Bcl-2 expression vectors. (**D**) TL-10 and C33A were treated with miR-184 inhibitor (i, 40 nM) and/or shBcl-2. After 24 h, the indicated cells were incubated with or without cisplatin (0, 2, 4, 8, 16, 32 μM) for 48 h and the IC50 value of both cell types transfected with miR-184 inhibitor and/or shBcl-2 was determined by the MTT assay. The cell lysates were separated by SDS-PAGE for the evaluation the expression of Bcl-2 and cleaved caspase3 by western blotting using their specific antibodies.](oncotarget-07-32362-g005){#F5}

To verify whether Bcl-2 de-targeted by E6- mediated miR-184 reduction could be responsible for cisplatin resistance. TL-1 and SiHa cells were transfected with miR- 184 mimic and/or co-transfected with Bcl- 2 expression vector. The IC50 value was concomitantly decreased by transfecting miR-184 mimic, but was gradually increased by Bcl-2 expression vector co- transfection in TL-1 and SiHa cells (Figure [5D](#F5){ref-type="fig"} upper panel). Bcl-2 expression levels were significantly reduced by transfecting miR-184 mimic, but the Bcl- 2 expression levels were dose-dependently elevated by transfecting Bcl- 2 expression vector in both cell types (Figure [5C](#F5){ref-type="fig"} lower panel). On the other hand, the IC50 value was elevated by the increase of Bcl-2 expression due to miR- 184 inhibitor transfection, but the IC50 value was reduced by Bcl-2 silencing in TL-10 and C33A cells (Figure [5D](#F5){ref-type="fig"} upper panel). The change of the IC50 value by miR-184 mimic and/or Bcl- 2 silencing in TL- 10 and C33A cells was dependent on Bcl- 2 expression (Figure [5D](#F5){ref-type="fig"} lower panel). In addition, the expression of cleaved caspase 3 was increased by miR-184 mimic transfection, but was nearly completely rescued by Bcl- 2 overexpression in TL-1 and SiHa cells. The opposite in the expression of cleaved caspase 3 was revealed in TL-10 and C33A transfecting miR-184 inhibitor and/or shBcl-2 (Figure [5C](#F5){ref-type="fig"} lower panel). We further examined whether apoptotic pathway could be involved in miR-184-mediated cell death, a flow cytometry analysis coupling with PI staining was performed in TL-1 and TL-10 cells (Figure [6](#F6){ref-type="fig"} left panel). Data showed that that the percentage of apoptotic cells was significantly increased by miR-184 mimic in TL-1 cells, but the increase of apoptotic cells was decreased by Bcl2 co-transfection in a dose dependent manner (Figure [6](#F6){ref-type="fig"} right upper panel). The opposite in the percentage of apoptotic cells was observed in TL-10 cells transfecting with miR-184 inhibitor and/or shBcl-2 (Figure [6](#F6){ref-type="fig"} right lower panel). These results suggest that an increase in Bcl-2 expression by reduced miR-184 may be responsible for E6-mediated cisplatin resistance in NSCLC cells via apoptotic pathway.

![Increase in Bcl-2 expression by reduced miR-184 may be responsible for cisplatin resistance via apoptotic pathway\
TL-1 cells were treated with miR-184 mimic (m, 40 nM) and/or Bcl-2 expression vectors. TL-10 cells were treated with miR- 184 inhibitor (miR-184i, 40 nM) and/or shBcl-2 for 24 h. Indicated cells were treated with 0.1% DMSO or 5 μM cisplatin for 24 h. The cells were subjected to annexin V and PI staining by a flow cytometry analysis. Percentage of apoptotic cells including with the Annexin V+/PI- population (early apoptosis) plus Annexin V+/PI− (late apoptosis/secondary necrosis) was summarized by a flow cytometric analysis. Data are expressed as means ± s.d. (*n* = 3).](oncotarget-07-32362-g006){#F6}

Low miR-184 and high Bcl-2 mRNA expression are more commonly occurred in E6-positive tumors than in E6-negative tumors {#s2_4}
----------------------------------------------------------------------------------------------------------------------

We enrolled 136 tumors from NSCLC patients to examine the possibility that E6 could be correlated with Bcl-2 mRNA and miR-184 expression and miR-184 could be associated with Bcl-2 mRNA levels in lung tumors. The immunostaining results of E6 oncoprotein in lung tumors were obtained from our previous reports \[[@R6]--[@R11]\]. MiR- 184 and Bcl-2 mRNA expression in lung tumors were evaluated by real-time PCR analysis. The median value of miR-184 and Bcl-2 mRNA levels was used as a cutoff point to divide patients into "high" and "low" subgroup. As shown in Table [1](#T1){ref-type="table"}, high Bcl-2 mRNA expression was marginally correlated with E6 expression in lung tumors (50% vs. 33.8%, *P* = 0.056). Low miR-184 expression was more frequently observed in E6-positive tumors than in E6-negative tumors (64.9% vs. 35.1%, *P* = 0.003). High Bcl-2 mRNA expression was more commonly occurred in low-miR-184 tumors than in high-miR-184 tumors (58.8% vs. 42.2%, *P* = 0.040). Bcl-2 protein expression evaluated by immunohistochemistry was negatively correlated with miR-184 expression in a small subset of tumors (*n* = 60, *P* = 0.038; [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). However, miR-184 and Bcl-2 mRNA expression was not associated with clinical parameters in this study population including age, genders, cigarette smoking, and stages ([Supplementary Table 2](#SD1){ref-type="supplementary-material"}). These observations from patients\' tumors seemed to support the action of mechanism in cell models to suggest that E6 oncoprotein may reduce miR-184 expression and, in turn, de-target Bcl-2 in lung tumors.

###### Correlation of E6 with miR-184 and Bcl-2 expression and the relationship between miR- 184 and Bcl-2 mRNA levels in tumor tissues from NSCLC patients

  Variable       Case No. (*n* = 136)   E6 expression   *P* value   miR-184   *P* value                                       
  -------------- ---------------------- --------------- ----------- --------- ----------- ------- ---- -------- ---- -------- -------
                                        79              (58.1)      57        (41.9)              68   (50.0)   68   (50.0)   
  Bcl-2 mRNA                                                                                                                  
  Low            68                     45              (66.2)      23        (33.8)      0.056   28   (41.2)   40   (58.8)   0.040
  High           68                     34              (50.0)      34        (50.0)              40   (58.8)   28   (41.2)   
  miR-184                                                                                                                     
  Low            68                     31              (39.2)      37        (64.9)      0.003                               
  High           68                     48              (60.8)      20        (35.1)                                          
  p53 mutation                                                                                                                
  No             97                                                                               50   (51.5)   47   (48.5)   0.569
  Yes            39                                                                               18   (46.2)   21   (53.8)   

E6-positive and -negative expression in lung tumors evaluated by immunohistochemistry obtained from our previous reports. MiR-184 and Bcl-2 mRNA levels in lung tumors were determined by real-time PCR analysis. The median value of miR-184 (0.98) and Bcl-2 mRNA (1.23) in this study population was used as a cutoff point to divide patients into "low" and "high" subgroup.

Low miR-184, E6-positive, high Bcl-2 mRNA tumors, or both combinations are more commonly occurred unfavorable response to cisplatin-based chemotherapy {#s2_5}
------------------------------------------------------------------------------------------------------------------------------------------------------

Fifty-nine out of 136 patients were available for the retrospective study to examine the possibility that E6, miR-184, Bcl-2, or both combinations may be associated with the tumor response to cisplatin-based chemotherapy in NSCLC. Patients with E6-positive, low-miR-184, and high-Bcl-2 tumors were more commonly occurred unfavorable response to chemotherapy than their counterparts (54.8% vs. 28.6%, *P* = 0.041 for E6, 52.8% vs. 26.1%, *P* = 0.043 for miR-184, 60.0% vs. 29.4%, *P* = 0.019 for Bcl-2; Table [2](#T2){ref-type="table"}). Patients with E6-positive/low-miR-184, E6-positive/high-Bcl-2, or low-miR-184/high-Bcl-2 tumors were more frequently observed unfavorable response to chemotherapy than those with E6- negative/high-miR-184, E6-negative/low-Bcl-2, or high-miR-184/low-Bcl-2 tumors. However, the tumor response for the four categories of E6/miR-184 and E6/Bcl-2 did not reach the statistical significance (*P* = 0.075 for E6/miR-184, *P* = 0.070 for E6/Bcl-2); this could be due to a small number of patients in the category of E6- positive/high-miR-184 (*n* = 7) and E6-positive/low-Bcl-2 (*n* = 7) (Table [2](#T2){ref-type="table"}). When patients were divided into two categories, patients with E6-positive/low-miR-184, E6-positive/high-Bcl-2, and low-miR-184/high-Bcl-2 tumors exhibited more prevalently occurred unfavorable response than the combination of three other categories (*P* = 0.010 for E6/miR-184 and E6/Bcl-2, *P* = 0.001 for miR- 184/Bcl-2; Table [2](#T2){ref-type="table"}). These results suggest that E6- reduced miR-184 level may confer unfavorable response to cisplatin-based chemotherapy in NSCLC patients via increasing Bcl-2.

###### Association of E6, miR-184 and Bcl-2 mRNA expression with tumor response to cisplatin-based chemotherapy in NSCLC patients

                           Tumor Response                           
  ------------------- ---- ---------------- -------- ---- --------- -------
  **E6**                                                            
  Negative            28   8                (28.6)   20   (71.4)    0.041
  Positive            31   20               (54.8)   14   (45.2)    
  **miR-184**                                                       
  Low                 36   19               (52.8)   17   (47.2)    0.043
  High                23   6                (26.1)   17   (73.9)    
  **Bcl-2**                                                         
  Low                 34   10               (29.4)   24   (70.6)    0.019
  High                25   15               (60.0)   10   (40.0)    
  **E6/miR-184**                                                    
  Negative/High       16   4                (25.0)   12   (75.0)    0.075
  Negative/Low        12   4                (33.3)   8    (66.7)    
  Positive/High       7    2                (28.6)   5    (71.4)    
  Positive/low        24   15               (62.5)   9    (37.5)    
  Others              35   10               (28.6)   25   (71.4)    0.010
  Positive/low        24   15               (62.5)   9    (37.5)    
  **miR-184/Bcl-2**                                                 
  High/Low            19   6                (31.6)   13   (68.4)    0.006
  Low/Low             15   4                (26.7)   11   (73.3)    
  Low/High            21   15               (71.4)   6    (28.6)    
  High/High           4    0                (0.0)    4    (100.0)   
  Others              38   10               (26.3)   28   (73.7)    0.001
  Low/High            21   15               (71.4)   6    (28.6)    
  **E6/Bcl-2**                                                      
  Negative/Low        27   8                (29.6)   19   (70.4)    0.070
  Negative/High       1    0                (0.0)    1    (100.0)   
  Positive/low        7    2                (28.6)   5    (71.4)    
  Positive/High       24   15               (62.5)   9    (37.5)    
  Others              35   10               (28.6)   25   (71.4)    0.010
  Positive/High       24   15               (62.5)   9    (37.5)    

The median value of miR-184 (0.98) and Bcl-2 mRNA (1.23) in this study population was used as a cutoff point to divide patients into "low" and "high" subgroup.

DISCUSSION {#s3}
==========

Some miRs have been shown to confer drug resistance in various human cancers via targeting Bcl-2 \[[@R21]\]. For example, miR-204 targets Bcl-2 expression and enhances responsiveness of 5-fluorouracil and oxaliplatin in gastric cancer \[[@R22]\]. MiR-503 regulates the resistance to cisplatin in lung cancer by targeting Bcl-2 \[[@R23]\]. MiR- 24-2 expression may confer cisplatin sensitivity in breast cancer by targeting Bcl-2 \[[@R24]\]. Bcl-2 targeted by miR-184 promotes cell apoptosis in nasopharyngeal cancer \[[@R19]\]. We here provided evidence to support the previous report, indicating that a decrease in miR-184 by E6 oncoprotein confers cisplatin resistance in lung cancer cells and unfavorable chemotherapeutic response in NSCLC patients due to increasing Bcl-2 expression.

The colony formation assay was used to examine whether the colony formation efficacy reduced by cisplatin could be modulated by miR-184 manipulation. The colony formation efficacy in TL-1 cells with cisplatin treatment was significantly reduced by transfecting miR-184 mimic; however, the colony formation efficacy in TL-10 cells with cisplatin treatment was increased by transfecting miR-184 inhibitor when compared with their control cells ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). These results from the colony formation assay in lung cancer cells with miR-184 manipulation were consistent with the observations of lung cancer patients, and suggest that a decrease in miR-184 expression may confer cisplatin resistance in lung cancer.

E6 expression was negatively correlated with miR- 184 expression, but p53 mutation status was not associated with miR-184 expression in tumor tissues from lung cancer patients (*P* = 0.569; Table [1](#T1){ref-type="table"}). This conflicting might be due to wild-type p53 dysfunction by E6 oncoprotein in lung cancer patients \[[@R10]\]. In addition, reduced miR-184 expression by E6 oncoprotein has been evidenced by the cell models (Figure [1](#F1){ref-type="fig"}). A higher prevalence of unfavorable response to cisplatin-based chemotherapy in patients with E6-positive, low-miR-184 and high-Bcl-2 mRNA tumors compared with their counterparts was observed in this study population (Table [2](#T2){ref-type="table"}). In addition, the highest frequency of unfavorable response to cisplatin-based chemotherapy was revealed in patients with E6-positive/low-miR-184, low-miR-184/high-Bcl-2, E6-positive/high-Bcl-2 tumors among their four categories (Table [2](#T2){ref-type="table"}). These results from the cell model and human tissues support the hypothesis that a decrease in miR-184 by E6 oncoprotein may play more important role than p53 mutation status on the elevation of Bcl-2 expression and consequently to confer cisplatin resistance and unfavorable response to cisplatin-based chemotherapy in NSCLC.

P53 pathway has been shown to modulate chemosensitivity in human cancer \[[@R25], [@R26]\]. For example, inactivation of p53 pathway by HPV infections may confer chemoresistance in cervical cancer via increasing Bcl-2 and Mcl-1 expressions \[[@R27], [@R28]\]. Our previous study indicated that upregulation of cIAP2 by E6 oncoprotein via EGFR/PI3K/AKT pathway confers cisplatin resistance in HPV-infected lung cancer \[[@R29]\]. In the current study, the evidence from the cell model strongly supported that miR- 184 down-regulated by E6 oncoprotein via inactivation of p53 pathway conferred cisplatin resistance due to Bcl-2 de- targeted by E6-mediated miR-184 reduction (Figures [1](#F1){ref-type="fig"}--[5](#F5){ref-type="fig"}). Moreover, Bcl-2 de-targeted by miR-184 reduction may be responsible for E6-mediated cisplatin resistance in cervical and lung cancer cells (Figure [6](#F6){ref-type="fig"}). To the best our knowledge, this is the first study revealed that a decrease in miR-184 by E6-mediated p53 degradation may confer cisplatin-based chemotherapy in HPV-associated human cancers including cervical and lung cancer.

The elevation of Bcl-2 expression by paxillin and MnSOD conferred cisplatin resistance and unfavorable response to cisplatin-based chemotherapy in NSCLC \[[@R30], [@R31]\]. Bcl-2 antagonist ABT-199 has been shown to cause on-target cell death in acute myeloid leukemia, and significantly enhances imatinib-induced cell death in chronic myeloid leukemia \[[@R32], [@R33]\]. MnSOD-induced cisplatin resistance can be overcome by ABT-199 in lung cancer cells and xenograft tumors \[[@R30]\]. We further provided evidence that ABT-199 can overcome E6-induced cisplatin resistance in TL-1 and SiHa cells when compared with their NC cells (8.9 vs. 22.2 for TL-1, 10.7 vs. 25.1 for SiHa); however, the overcome of ABT-199 in cisplatin resistance did not observe in E6-knockdown both cell types ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"} upper panel). Similar findings in ABT-199 against E6-induced cisplatin resistance were also revealed in E6-overexpressing TL-10 and C33A cells ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"} lower panel). We therefore suggest that Bcl-2 antagonist might potentially overcome cisplatin resistance mediated by E6-reduced miR-184, and consequently to improve outcomes in NSCLC patients with E6-positive/low-miR-184 tumors.

MATERIALS AND METHODS {#s4}
=====================

Study subjects {#s4_1}
--------------

Lung tumor specimens were collected from 136 patients with primary NSCLC surgical resection at the Department of Thoracic Surgery, Taichung Veterans General Hospital (Taichung, Taiwan) between 1998 and 2004. Patients were asked to submit written informed consent; the study was approved by the Institutional Review Board (TMUH No. 201301051). The tumor type and stage of each collected specimen were histologically determined in accordance with the World Health Organization classification system. Cancer relapse data were obtained from chart review and confirmed by thoracic surgeons. Clinical parameters and OS and RFS data were collected from chart review and the Taiwan Cancer Registry, Department of Health, Executive Yuan, ROC.

Cell lines {#s4_2}
----------

TL-1 cells were kindly provided by Dr. Y.-W. Cheng (Graduate Institute of Cancer Biology and Drug Discovery, Taipei Medical University, Taipei, Taiwan) \[[@R10]\]. TL-10 cells were primarily cultured from pleural effusions of lung adenocarcinoma patients by our laboratory. SiHa and C33A cells were obtained from the Bioresource Collection and Research Center, the Food Industry Research and Development Institute (Hsinchu, Taiwan). TL-1, TL-10 and C33A cancer cell lines were maintained in RPMI-1640 (HyClone, Logan, UT). SiHa cancer cell lines were maintained in DMEM (HyClone, Logan, UT). The medium contained 10% fetal bovine serum (FBS) supplemented with penicillin (100 U/mL) and streptomycin (100 mg/mL). These cells were cultured in accordance with the suppliers\' instructions. Once resuscitated, cell lines were routinely authenticated (once every 6 months; the cells were last tested in December 2012) by means of cell morphology monitoring, growth curve analysis, species verification via isoenzymology and karyotyping, identity verification via short tandem repeat profiling analysis, and contamination checks.

Plasmid construction, transfection, and stable clone selection {#s4_3}
--------------------------------------------------------------

The wild-type and mutant p53 constructs were kindly provided by Dr. Jiunn-Liang Ko (Institute of Medicine, Chung Shan Medical University, Taichung, Taiwan). HPV 16 E6 and HPV 18 E6 cDNA and HPV 16 E6 and HPV 18 E6 shRNA were as previously described \[[@R7]\]. Delete miR-184 promoter constructs were constructed by the QuickChange site-directed mutagenesis system (Stratagene, La Jolla, CA). The Bcl-2-Flag overexpression plasmid constructed into pCMV-Tag2B vector was purchased from Addgene (Addgene Company, Cambridge, MA). The p53 and Bcl-2 shRNA were obtained from the National RNAi Core Facility, Academia Sinica provided. The target sequences for shRNA are presented in [Supplementary Table 3](#SD1){ref-type="supplementary-material"}. Nonspecific shRNA of the scramble sequence was used as the control in the knockdown experiment, and an empty vector expression was used as the control for the overexpression plasmid. The transfection and stable clone selection procedures have been described previously \[[@R34]\].

The mimic and inhibitor of miR-184 transfection {#s4_4}
-----------------------------------------------

MicroRNA mimic (pre-miR-184, 20--40 nmol/L/well; Ambion, Foster City, CA), MicroRNA inhibitor (20-- 40 nmol/L/well; Ambion, Foster City, CA), and negative control (Ambion, Foster City, CA) were transfected using Lipofectamine 3000 transfection reagent (Invitrogen, Foster City, CA) according to the manufacturers\' protocols. Transfection efficiency was evaluated by a real-time polymerase chain reaction (PCR).

Real-time PCR analysis {#s4_5}
----------------------

DNase I--treated total RNA (10 ng) was subjected to miRNA RT-PCR analysis with the TaqMan miRNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA), miRNA Assays (Applied Biosystems, Foster City, CA), and a Real-Time Thermocycler 7500 (Applied Biosystems, Foster City, CA). RNU6B was used as the microRNA reference housekeeping gene, and GAPDH was used as the mRNA reference housekeeping gene. The primers used for real-time PCR analysis of mRNA expression are presented in [Supplementary Table 3](#SD1){ref-type="supplementary-material"}. The mRNA and microRNA levels in tumours that were higher than the median value were defined as "high", whereas levels lower than the median value were defined as "low".

Luciferase reporter assay {#s4_6}
-------------------------

Double-stranded oligonucleotides corresponding to the wild-type or delete p53 binding site in the promoter region of miR-184 were synthesized and ligated between the SpeI and HindIII restriction sites of pGL3 Reporter Vector (Ambion, Foster City, CA). The oligonucleotides utilized are listed in [Supplementary Table 3](#SD1){ref-type="supplementary-material"}. Cells were transfected using an appropriate plasmid. Luciferase assays were done with the luciferase reporter assay system (Promega, Fitchburg, WI) 48 h after transfection. Normalized luciferase activity was reported as luciferase activity/β-galactosidase activity.

ChIP assay {#s4_7}
----------

ChIP analysis was performed as described previously \[[@R35]\]. The primer sequences are presented in [Supplementary Table 3](#SD1){ref-type="supplementary-material"}.

3-(4,5-cimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) cytotoxicity assay {#s4_8}
--------------------------------------------------------------------------------------

The cell lines were cultured in 96-well flat-bottomed microtiter plates supplemented with RPMI 1640 and DMEM containing 10% heat-inactivated fetal bovine serum, 100 units/mL penicillin, and 100 units/mL streptomycin in a humidified atmosphere containing 95% air and 5% CO~2~ at 37°C in a humidified incubator. Before cisplatin treatment (0, 2, 4, 8, 16, 32 μM), the cells cultured in the exponential growth phase were pretreated with miR mimic, inhibitor, shRNAs, p53 and Bcl-2 overexpression plasmid for 24 h. After 48 h incubation, the *in vitro* cytotoxic effects of these treatments were determined by MTT assay (at 570 nm).

Statistical analysis {#s4_9}
--------------------

All statistical analyses were conducted using the SPSS statistical software program as described previously (version 17.0; SPSS, Inc., Chicago, IL) \[[@R34], [@R35]\]. A two-sided analysis of the variance in the statistical tests was conducted, and *P* values \< 0.050 were considered statistically significant.

SUPPLEMENTARY MATERIALS FIGURES AND TABLES {#s5}
==========================================
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